Molecular Biology of the Cell
Vol. 12, 2229-2244, August 2001

Caveolin-1 Expression Negatively Regulates Cell Cycle
Progression by Inducing G,/G; Arrest via a p53/
p21WAFCiPl_dependent Mechanism

Ferruccio Galbiati,** Daniela Volonte’,** Jun Liu,* Franco Capozza,*
Philippe G. Frank,* Liang Zhu,* Richard G. Pestell,# and
Michael P. Lisanti*!

*Department of Molecular Pharmacology and The Albert Einstein Cancer Center, Albert Einstein
College of Medicine, Bronx, New York 10461; ¥Departments of Developmental and Molecular Biology
and The Albert Einstein Cancer Center, Albert Einstein College of Medicine, Bronx, New York 10461;
and SDepartment of Medicine, Albert Einstein College of Medicine, Bronx, New York 10461

Submitted December 20, 2000; Revised April 10, 2001; Accepted April 30, 2001
Monitoring Editor: Carl-Henrik Heldin

Caveolin-1 is a principal component of caveolae membranes in vivo. Caveolin-1 mRNA and
protein expression are lost or reduced during cell transformation by activated oncogenes. Inter-
estingly, the human caveolin-1 gene is localized to a suspected tumor suppressor locus (7q31.1).
However, it remains unknown whether caveolin-1 plays any role in regulating cell cycle progres-
sion. Here, we directly demonstrate that caveolin-1 expression arrests cells in the G,/G; phase of
the cell cycle. We show that serum starvation induces up-regulation of endogenous caveolin-1 and
arrests cells in the G,/G; phase of the cell cycle. Moreover, targeted down-regulation of caveolin-1
induces cells to exit the G,/G; phase. Next, we constructed a green fluorescent protein-tagged
caveolin-1 (Cav-1-GFP) to examine the effect of caveolin-1 expression on cell cycle regulation. We
directly demonstrate that recombinant expression of Cav-1-GFP induces arrest in the G,/ G; phase
of the cell cycle. To examine whether caveolin-1 expression is important for modulating cell cycle
progression in vivo, we expressed wild-type caveolin-1 as a transgene in mice. Analysis of
primary cultures of mouse embryonic fibroblasts from caveolin-1 transgenic mice reveals that
caveolin-1 induces 1) cells to exit the S phase of the cell cycle with a concomitant increase in the
Gy/G; population, 2) a reduction in cellular proliferation, and 3) a reduction in the DNA
replication rate. Finally, we demonstrate that caveolin-1-mediated cell cycle arrest occurs through
a p53/p2l-dependent pathway. Taken together, our results provide the first evidence that
caveolin-1 expression plays a critical role in the modulation of cell cycle progression in vivo.

INTRODUCTION

Caveolae are 50-100-nm vesicular invaginations of the plasma
membrane (Razani et al., 2000b). It has been proposed that
caveolae participate in vesicular trafficking events and signal
transduction processes (Lisanti ef al., 1994; Couet et al., 1997b;
Okamoto ef al., 1998; Smart et al., 1999). Caveolin-1, a 21-24-
kDa integral membrane protein, is a principal component of
caveolae membranes in vivo (Glenney, 1989, 1992; Glenney
and Soppet, 1992; Kurzchalia et al., 1992; Rothberg et al., 1992).
The mammalian caveolin gene family consists of caveolin-1, -2,
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and -3 (Parton, 1996; Scherer et al., 1996; Tang et al., 1996;
Okamoto et al., 1998). Caveolin-1 and -2 are coexpressed and
form a hetero-oligomeric complex (Scherer et al., 1997) in many
cell types, with particularly high levels in adipocytes, whereas
expression of caveolin-3 is muscle-specific and found in both
cardiac and skeletal muscle, as well as smooth muscle cells
(Song et al., 1996b).

It has been proposed that caveolin family members function
as scaffolding proteins (Sargiacomo et al., 1995) to organize and
concentrate specific lipids (cholesterol and glycosphingolipids
[Fra et al., 1995; Murata et al., 1995; Li et al., 1996b]) and lipid-
modified signaling molecules (Src-like kinases, H-Ras, endo-
thelial nitric-oxide synthase, and G proteins [Li et al., 1995;
Garcia-Cardena et al., 1996; Li et al., 1996a,b; Shaul et al., 1996;
Song et al., 1996a]) within caveolae membranes. The direct
interaction of caveolin with signaling molecules leads to their
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inactivation (Lisanti et al., 1994; Couet et al., 1997a,b,c; Okamoto
et al., 1998). In support of this idea, caveolin-1 was found to
suppress the kinase activity of Src family tyrosine kinases
(c-Src/Fyn), epidermal growth factor receptor, Neu, and pro-
tein kinase C through the caveolin-scaffolding domain, a mod-
ular protein domain that recognizes a specific caveolin binding
motif in various signaling molecules (Couet et al., 1997a,b,c;
Okamoto et al., 1998). In addition, the scaffolding domain of
caveolin-1 was shown to inhibit endothelial nitric-oxide syn-
thase activity and the GTPase activity of heterotrimeric G pro-
teins (Li et al., 1995; Li ef al., 1996a,b; Song et al., 1996a; Garcia-
Cardena et al., 1997; Razani et al., 1999).

Because many of these signaling molecules can cause cellular
transformation when constitutively activated, it is reasonable
to speculate that caveolin itself may possess transformation
suppressor activity. In fact, caveolin-1 mRNA and protein ex-
pression are lost or reduced during cell transformation by
activated oncogenes such as v-Abl and H-Ras (G12V); caveolae
are absent from these cell lines (Koleske et al., 1995). In addi-
tion, induction of caveolin-1 expression in v-Abl- and H-ras
(G12V)-transformed NIH 3T3 cells abrogated the anchorage-
independent growth of these cells in soft agar and resulted in
the de novo formation of caveolae (Engelman et al., 1997).

Several other lines of evidence are consistent with the idea
that caveolin-1 functions as transformation suppressor protein.
Recently, we have shown that antisense-mediated reductions
in caveolin-1 protein expression in NIH 3T3 cells are sufficient
to drive oncogenic transformation and constitutively activate
the p42/44 mitogen-activated protein kinase cascade (Galbiati
et al., 1998). Mutations in the adenomatous polyposis coli gene
or the B-catenin gene lead to the accumulation of B-catenin in
human colon carcinoma (Powell et al., 1992; Polakis, 1997) and
melanoma (Korinek ef al., 1997; Morin et al., 1997; Peifer, 1997;
Rubinfeld et al., 1997) and other types of cancer (Ben-Ze’ev and
Geiger, 1998). Elevation of B-catenin expression in such tumors
is believed to induce uncontrolled activation of gene transcrip-
tion by the B-catenin-Lef-1 complex, thereby contributing to
tumor progression (Gumbiner, 1997; Peifer, 1997, Ben-Ze'ev
and Geiger, 1998). We have recently demonstrated that activa-
tion of B-catenin-Lef-1 signaling by Wnt-1 or by overexpres-
sion of B-catenin itself is inhibited by caveolin-1 expression
(Galbiati et al., 2000). Finally, the human caveolin-1 gene is
localized to a suspected tumor suppressor locus (D75522;
7q31.1), a known fragile site (FRA7G) that is deleted in many
types of cancer (Engelman et al., 1998¢,d,e, 1999). Thus, down-
regulation of caveolin-1 expression and caveolae organelles
may be critical for maintaining the transformed phenotype.

We have previously shown that in nontransformed NIH 3T3
cells, caveolin-1 levels are down-regulated in rapidly dividing
cells and dramatically elevated in confluent cells (Galbiati et al.,
1998; Volonte’ et al., 1999), where caveolin-1 is concentrated at
the areas of cell-cell contact. These observations may be related
to the ability of caveolin-1 to regulate contact inhibition and
growth arrest in nontransformed cells (Galbiati et al., 1998;
Volonte” et al., 1999). However, this hypothesis has not been
formally tested.

The p53 tumor suppressor protein plays a critical role in
regulating cell growth arrest. Mutations in p53 or inactivation
of p53 through interactions with viral or cellular proteins are
the most frequent alterations observed in cancer cells (Levine,
1997). p53 prevents the accumulation of genetic alterations
through the induction of growth arrest or senescence to block
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the replication of damaged DNA. p53 is also involved in me-
diating programmed cell death (apoptosis), which is important
for eliminating defective cells (Amundson et al., 1998; Sionov
and Haupt, 1998; Bates and Vousden, 1999). Whether the cell
enters growth arrest or undergoes apoptosis depends on a
combination of different incoming signals.

p53 is directly involved in the arrest in the G, phase of the
cell cycle through the induction of p21"WAF/Cirl (reviewed in
el-Deiry, 1998)). p21 mediates p53-dependent G, arrest by in-
hibiting the activity of cyclin-dependent kinases (CDKs), which
phosphorylate the retinoblastoma (pRb) gene product, as well
as other substrates. p21 also induces growth arrest by prevent-
ing PCNA from activating DNA polymerase §, which is essen-
tial for DNA replication (Waga et al., 1994). p21-deficient fibro-
blasts show impairment of G, arrest (Deng et al, 1995),
confirming a key role for p21 in cell cycle arrest.

In addition to G, arrest, p53 is also capable of inducing G,
arrest. p53-induced G, arrest is mediated by the product of the
14-3-30 gene, which sequesters the phosphorylated form of
cdc25, a phosphatase of the cyclin B/cdc2 complex that is
essential for the G,/M transition (Peng ef al., 1997). Also, p53
inhibits the cyclinB/cdc2 complex through the induction of
GADD45, which disrupts the complex, probably through di-
rect interaction with cdc2 (Wang et al., 1999).

Here, we have addressed the possible role of caveolin-1
in mediating cell cycle arrest. We show that either tran-
sient overexpression of caveolin-1 in NIH 3T3 cells, or
stable transgenic expression of caveolin-1 in mouse em-
bryonic fibroblasts, induces arrest in the G,/G; phase of
the cell cycle. Also, we demonstrate that caveolin-1-me-
diated cell cycle arrest occurs through the classical p53/
p21-dependent pathway.

EXPERIMENTAL PROCEDURES

Materials

Antibodies and their sources were as follows: anti-caveolin-1 IgG
(mAb 2297; gift of Dr. Roberto Campos-Gonzalez, BD Transduc-
tion Laboratories); anti-caveolin-2 IgG (mAb 65; gift of Dr. Rob-
erto Campos-Gonzalez, BD Transduction Laboratories); anti-
caveolin-3 IgG (mAb 26; gift of Dr. Roberto Campos-Gonzalez,
BD Transduction Laboratories); anti-p21WAF1/CiP1 [eG (poly-
clonal antobody C-19; Santa Cruz Biotechnologies, Santa Cruz,
CA). A variety of other reagents were purchased commercially:
DMEM (Cellgro); donor bovine calf serum (JRH Biosciences). The
pTA-p53 luciferase reporter was from CLONTECH (Palo Alto,
CA). p53-WT and p53-MUT expression vectors were from CLON-
TECH. All other biochemicals used were of the highest purity
available and were obtained from regular commercial sources.
Lipoprotein-deficient fetal bovine serum (LPDS) was obtained
from Intracel, Rockville, MD.

Cell Culture

NIH 3T3 cells were grown in DMEM supplemented with glutamine,
antibiotics (penicillin and streptomycin) and 10% donor bovine calf
serum, as previously described (Koleske et al., 1995; Engelman et al.,
1997). C2C12 cells were cultured in high mitogen medium (DMEM
containing 15% fetal bovine serum and 1% chicken embryo extract)
and induced to differentiate at confluence in low mitogen medium
(DMEM containing 3% horse serum).

Immunoblotting

Cells were collected in boiling sample buffer and homogenized with
the use of a 26-gauge needle. Cellular proteins were resolved by
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SDS-PAGE (12.5% acrylamide) and transferred to BA83 nitrocellu-
lose membranes (0.2 pum; Schleicher & Schuell, Riehen, Switzer-
land). Blots were incubated for 2 h in Tris-buffered saline/Tween 20
(TBST) (10 mM Tris-HCl, pH 8.0, 150 mM NaCl, 0.2% Tween 20)
containing 2% powdered skim milk and 1% bovine serum albumin.
After three washes with TBST, membranes were incubated for 2 h
with the primary antibody (~1000-fold diluted in TBST) and for 1 h
with horseradish peroxidase-conjugated goat anti-rabbit/mouse
IgG (~5000-fold diluted). Bound antibodies were detected with the
use of an enhanced chemiluminescence detection kit (Amersham
Pharmacia Biotech).

Cell Cycle Analysis by Fluorescence-activated Cell
Sorter (FACS)

Cells were collected by trypsinization, pelleted, and resuspended in
complete growth medium at a final concentration of 1 X 10° cells/
ml. Cells were incubated for 30 min at 37°C with 3.0 ug/ml Hoechst
33342. Cells were then subjected to FACS analysis with the use of a
fluorescence-activated cell sorter (FACStar plus; Becton Dickinson).
For each analysis 20,000-50,000 gated events were collected to
permit cell cycle analysis of both green fluorescent protein (GFP)-
positive and GFP-negative cell subpopulations. Data analysis was
performed with the use of CellQuest software. For each condition, at
least three independent experiments were performed that yielded
virtually identical results. A representative cell cycle analysis exper-
iment is shown.

Induction of G, and G; Synchronization

NIH 3T3 cells were grown for 24 h in the absence of serum (0%) to
induce G, arrest, or treated for 16 h with staurosporine (10 nM) in
complete medium to induce G, arrest (Nishi et al., 1998). Cells were
then subjected to Western blot analysis and cell cycle analysis.

p53 Luciferase Reporter Assays

Cells were seeded in six-well plates at 300,000 cells/well. The fol-
lowing day, cells were transiently transfected, with the use of a
modified calcium-phosphate precipitation method, with 1 ug of the
luciferase reporter (pTA-p53), 0.5 pug of pSV-B-galactosidase, and 1
ug of the indicated cDNA. Twelve hours posttransfection, cells were
rinsed twice with PBS and incubated in normal media containing
10% serum or 0.5% serum for another 24-36 h. Normal media
containing 10% serum was routinely used, unless specifically indi-
cated otherwise. Cells were then lysed in 500 ul of extraction buffer;
200 ul was used to measure luciferase activity and 100 ul of which
was used to measure B-galactosidase activity. The p53 luciferase
reporter activity was controlled for transfection efficiency and po-
tential toxicity with the use of B-galactosidase activity. For each
condition, at least three independent experiments were performed.

Generation of Caveolin-1 Transgenic Mice

The full-length untagged c-DNA encoding caveolin-1 was sub-
cloned into the EcoRI site of the multiple cloning site (MCS) region
of the transgenic expression vector pCAGGS (gift of Armin Rehm,
Ploegh Laboratory, Harvard Medical School, Boston, MA [Niwa et
al., 1991]). In the pCAGGS vector, the cytomegalovirus (CMV) en-
hancer and the chicken B-actin promoter sequence are located up-
stream of the MCS region. In addition, a rabbit g-globin poly(A)
sequence is located downstream from the MCS region. The resulting
plasmid, pCAGGS-Cav-1, was digested with Sall and HindIII to
isolate the transgenic cassette consisting of the CMV enhancer, the
chicken B-actin promoter, the caveolin-1 ¢cDNA, and the rabbit
B-globin poly(A) sequence. The isolated region was purified for
pronuclear injection into mouse embryos from FVB mice (Taconic
Farms, Germantown, NY). Mouse embryos (fertilized one-cell zy-
gotes) were injected and then implanted in female CD-1 mice
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(Charles River Breeding Laboratories) at the Transgenic Facility
here at The Albert Einstein College of Medicine. Caveolin-1 trans-
genic mice were identified by slot blot analysis with the use of
genomic DNA prepared from mouse tail biopsies. A fragment con-
taining the rabbit B-globin poly(A) sequence, obtained by digesting
the pCAGGS vector with EcoRI and HindIIl, was radiolabeled and
used as the probe for slot blot analysis. Caveolin-1-positive founder
transgenic mice then were back-crossed at least three times with
C57BL/6 mice (Jackson Immunoresearch, West Grove, PA).
Interestingly, caveolin-1 transgenic mice did not show any overt
“clinical” phenotype. To identify a phenotype associated with caveo-
lin-1 overexpression in caveolin-1 transgenic mice, tissue sections from
these mice were hematoxylin/eosin-stained and examined by light
microscopy. Interestingly, no pathological changes were observed (our
unpublished results). Importantly, several pathologists carefully as-
sessed the tissues where caveolin-1 is transgenically overexpressed (fat,
kidney, liver, brain, lung, spleen, skeletal muscle, and heart, among
others) and we did not observe any noticeable pathological changes.

Primary Culture of Mouse Embryonic
Fibroblasts (MEFs)

Pregnant mice were sacrificed and E13.5 embryos were isolated; the
head and liver were separated and discarded. The remaining em-
bryonic tissue was minced with a razor blade and trypsinized in a
10-cm dish at 37°C for 5 min. Next, 20 ml of DMEM supplemented
with 10% fetal bovine serum, glutamine, and antibiotics (penicillin
and streptomycin) was added to the dish and the cells were incu-
bated at 37°C. After 24 h, the medium was replaced and cells were
cultured for an additional 48 h. When confluent, mouse embryonic
fibroblasts were split 1:4. After 48 h, the MEFs (representing passage
1) were frozen. Experiments were performed with the use of MEFs
at passage 1 or 2.

Analysis of Cellular Proliferation

Growth Curves. Primary cultures of MEFs were seeded in 10-cm
dishes at a density of 40,000 cells/dish at day 0. Cell number was
then counted with the use of a cytometer after 1, 2, 3, 4, and 5 d of
incubation at 37°C. Each point represents the average of four inde-
pendent determinations.

BrdU Incorporation. Primary cultures of MEFs were seeded in
96-well plates at a density of 10,000 cells/well at day 0. Each MEF
clone was seeded in quadruplicate. After 2 d, BrdU incorporation
was assessed with the use of the Cell Proliferation ELISA/BrdU
(colorimetric) kit from Roche, according to the manufacture’s rec-
ommendations.

Caspase-3-like Activity Assay

Caspase-3-like activity was assessed with the use of a slightly mod-
ified ApoAlert CPP32/caspase-3 fluorescent assay. Briefly, after
treatment with staurosporine (0.3 uM) for 6 h, incubation medium
was removed and the cells were lysed for 10 min in ice-cold lysis
buffer containing 20 mM Tris-HCl (pH 7.4), 137 mM NaCl, 1%
NP-40, 10% glycerol, 1 ug/ml aprotinin, 1 uM leupeptin, and 1 mM
phenylmethylsulfonyl fluoride. Total cell lysates (10 pg each) were
incubated at 37°C for 60 min in enzyme assay buffer containing 20
mM HEPES (pH 7.5), 10% glycerol, 2 mM dithiothreitol, 1 mM
phenylmethylsulfonyl fluoride, and 100 uM caspase 3 substrate
DEVD-AMC. The reaction was terminated by adding 1 ml of dis-
tilled H,O. Fluorescence was measured with the use of an LS50B
luminescence spectrometer (PerkinElmer Cetus, Norwalk, CT)
equipped with a 380-nm excitation filter and a 460-nm emission
filter.
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RESULTS

Endogenous Caveolin-1 Protein Expression Is
Up-Regulated during the G,/G; Phase of the
Cell Cycle

Figure 1A shows that addition of serum to serum-deprived
NIH 3T3 cells induces a time-dependent down-regulation of
caveolin-1 expression. FACS analysis of the cell cycle dem-
onstrated that NIH 3T3 cells were arrested in the G,/G,
phase when endogenous caveolin-1 expression was up-reg-
ulated by serum starvation (from 52 to 87%; Figure 1B).
Conversely, addition of serum induced cells to exit the
G,/ G, phase of the cell cycle. Interestingly, there is a direct
correlation between the time-dependent reduction of caveo-
lin-1 expression and exit from G,/G, phase (Figure 1, A and
B). Figure 1C shows a table representing the averages and
SDs of three independent experiments of cell cycle analysis.

We have previously used an antisense approach to derive
stable NIH 3T3 cell lines that expressed dramatically reduced
levels of caveolin-1 (Galbiati ef al., 1998). NIH 3T3 cells harbor-
ing antisense caveolin-1 exhibit a transformed phenotype (Gal-
biati et al., 1998). However, loss of the caveolin-1 antisense
vector results in a complete reversion of the transformed phe-
notype (Galbiati et al., 1998). Here, we demonstrate that two
independent clones (A1 and M), which express reduced levels
of caveolin-1 (Figure 1D), are characterized by a significantly
reduced G,/G; population (from 65% [WT 3T3] to 47% [Al]
and 50% [M)]; Figure 1E). In addition, the two antisense clones
showed a significant increase in the S phase component of the
cell cycle (from 25% [WT 3T3] to 37% [Al] and 35% [M]).
Importantly, reductions in G,/G; phase and increases in S
phase, induced by down-regulation of caveolin-1, are reversed
when caveolin-1 protein levels are restored to normal by loss of
the caveolin-1 antisense vector (Figure 1, D and E). Thus, loss of
endogenous caveolin-1 expression significantly decreases the
number of cells in the G,/G; phase of the cell cycle.

Recombinant Expression of Caveolin-1 Induces
Gy/G, Arrest in NIH 3T3 Cells

To better evaluate the effects of caveolin-1 expression on cell
cycle progression, we next generated a green fluorescent
protein-tagged caveolin-1 (Cav-1-GFP). In this construct,
wild-type caveolin-1 is placed at the C terminus of GFP. We
have previously demonstrated that the fusion protein Cav-
1-GFP behaves identically to endogenous caveolin-1 (Vo-
lonte” et al., 1999). We transiently transfected NIH 3T3 cells
with cDNAs encoding Cav-1-GFP or GFP alone. After 48 h,
living cells were subjected to DNA staining with Hoechst
33342 followed by FACS analysis. We analyzed the cell cycle
characteristics of GFP-positive as well as GFP-negative cells
from the same plate by gating with the use of the medium
intensity green fluorescence signal.

Cav-1-GFP expression in NIH 3T3 cells was associated with
a significant increase in the G,/ G, population (from 54 to 76%)
and a decrease in the S phase population (from 34 to 13%)
compared with the nonfluorescent cell population (Figure 2A).
Importantly, overexpression of GFP alone did not alter the cell
cycle distribution (Figure 2A). Figure 2B shows a tabulation
representing the averages and SDs of three independent exper-
iments of cell cycle analysis.

We next performed cell cycle analysis with the use of a
variety of caveolin-1 deletion mutants to identify a given re-
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gion of the caveolin-1 molecule responsible for mediating ar-
rest in the G,/G; phase of the cell cycle. These caveolin-1
deletion mutants are shown schematically in Figure 2C. Note
that full-length caveolin-1-GFP contains residues 1-178 of
caveolin-1, Cav-1 (1-81)-GFP contains the first 81 residues,
Cav-1 (82-101)-GFP contains the caveolin scaffolding domain,
and Cav-1 (135-178)-GFP contains the C-terminal domain of
caveolin-1. Importantly, these constructs are expressed at
equivalent levels in transfected cells (Schlegel and Lisanti,
2000).

Figure 2D shows the results of this mutational analysis. We
analyzed the cell cycle characteristics of GFP-positive as well as
GFP-negative cells from the same plate by gating of the me-
dium intensity green fluorescent signal. Virtually identical
G,/G, arrests were obtained with full-length caveolin-1-GFP,
Cav-1 (82-101)-GFP, and Cav-1 (135-178)-GFP. Cav-1 (1-81)-
GFP and GFP alone (C1 GFP) did not alter the cell cycle
distribution. From this mutational analysis, we can conclude
that both the caveolin scaffolding domain and the C terminus
of caveolin-1 are important in mediating G,/G; arrest. Both of
these domains have been previously implicated as negative
regulators of a variety of different signal transduction events
(Ju et al., 1997; Engelman ef al., 1998a,b; Razani et al., 1999).

To assess whether the G,/G; arrest we observed represents
a G, arrest rather than a G, arrest, we treated NIH 3T3 cells
with 0% serum for 24 h to induce G, arrest, and with 10 nM
staurosporine for 16 h to induce G, arrest. Serum starvation
and staurosporine at low concentrations are known to arrest
cells in G, and G;, respectively (Crissman ef al., 1991; Nishi et
al., 1998).

Figure 2E shows that we successfully blocked NIH 3T3 cells
in the G,/G, phase of the cell cycle. The same samples were
subjected to immunoblot analysis with the use of a caveolin-
1-specific mAb probe. Figure 2F shows that only when cells are
arrested in the G, phase of the cell cycle, endogenous caveo-
lin-1 protein expression is up-regulated. This result suggests
that caveolin-1 is responsible for a selective G, arrest. Impor-
tantly, we did not detect apoptotic cells after treatment with 10
nM staurosporine (our unpublished results), indicating that the
low dose of staurosporine we used was not sufficient to induce
programmed cell death.

Caveolin-1 Induces G,/ G, Arrest through a
p53-dependent Mechanism

The p53 tumor suppressor protein plays a pivotal role in the
regulation of cell growth arrest. To explore the possibility
that caveolin-1 may induce cell cycle arrest by activating a
p53-dependent pathway, we took advantage of a luciferase
reporter plasmid containing a promoter specifically respon-
sive to p53 (pTA-p53RE). First, we performed control exper-
iments to show that the reporter specifically responds to the
p53 tumor suppressor protein. We transiently transfected
NIH 3T3 cells with the reporter vector pTA-p53RE in com-
bination with wild-type p53 or a dominant negative mutant
p53 (p53MUT). The p53 dominant negative mutant contains
a G-to-A conversion at nucleotide 1017 and, if coexpressed
with wild-type p53, it is responsible for the formation of a
mixed tetramer that cannot interact with p53-binding sites,
leading to a block in the downstream effects of p53. p53MUT
is an important internal negative control that can be used to
verify the specific activation of the p53 responsive element.
Figure 3A shows that wild-type p53 activates its own re-
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Figure 1. Endogenous caveolin-1 protein expression is up-regulated during the G,/G; phase of the cell cycle. (A-C) Nontransfected NIH
3T3 cells were serum-starved for 24 h before the addition of serum for 8, 24, and 48 h. Each point was performed in triplicate. (A) Western
blotting. Cell lysates were subjected to SDS-PAGE and Western blotting analysis with the use of a caveolin-1 specific mAb probe. A
representative immunoblot is shown. Note that serum starvation up-regulates caveolin-1 protein expression, whereas the addition of serum
to serum-starved NIH 3T3 cells causes a time-dependent reduction in caveolin-1 expression. Each lane contains equal amount of total
proteins. (B) Cell cycle analysis. Cells were subjected to FACS analysis (in EXPERIMENTAL PROCEDURES). The cell cycle analysis shown
represents the average from three independent experiments. Note that up-regulation of caveolin-1 protein expression is associated with a
Gy/G; arrest. (C) Quantitation. Table representing the averages and SDs from the three independent experiments of the cell cycle analysis
shown in B. (D and E) Parental NIH 3T3 cells, NIH 3T3 clones harboring caveolin-1 antisense (Al and M), and revertant NIH 3T3 clones (Al
Rev, M Rev) were analyzed. (D) Western blot analysis. Cell lysates were subjected to SDS-PAGE and Western blotting analysis with the use
of a caveolin-1-specific mAb probe (a representative immunoblot is shown; each lane contains equal amount of total protein). (E) Cell cycle
analysis. Each point was performed in triplicate. A representative cell cycle analysis is shown. Note that the G,/G; population is reduced
when caveolin-1 expression is down-regulated. In B and E, the asterisk (*) indicates significant differences in the cell cycle distribution.
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Figure 2. Recombinant expression of caveolin-1 induces G,/G;, arrest in NIH 3T3 cells. (A and B) NIH 3T3 cells were transiently transfected
with GFP alone (C1-GFP) or caveolin-1-GFP fusion protein (Cav-1 WT-GFP). (A) Cell cycle analysis. After 48 h, cells were subjected FACS
analysis of the cell cycle (in EXPERIMENTAL PROCEDURES). The cell cycle analysis shown represents the average from three independent
experiments. Note that only overexpression of Cav-1-GFP fusion protein causes G,/G; arrest. (B) Quantitation. Table representing the
averages and SDs of three independent experiments of the cell cycle analysis shown in A. (C and D) NIH 3T3 cells were transiently transfected
with GFP alone (C1-GFP), the caveolin-1-full-length-GFP fusion protein (Cav-1 FL-GFP), and a variety of GFP-tagged caveolin-1 deletion
mutants: caveolin-1 residues 1-81 [Cav-1 (1-81)-GFP], caveolin-1 residues 82-101 [Cav-1 (82-101)-GFP], and caveolin-1 residues 135-178
[Cav-1 (135-178)-GFP]. (C) Cav-1-GFP deletion mutants. The caveolin-1 deletion mutants are shown schematically. CSD, caveolin scaffolding
domain; TD, potential membrane spanning/transmembrane domain. (D) Cell cycle analysis. After 48 h, cells were subjected to FACS analysis
of the cell cycle (in EXPERIMENTAL PROCEDURES). Each point was performed in triplicate. A representative cell cycle analysis is shown.
Interestingly, only the caveolin scaffolding domain (residues 82-101) and the C-terminal domain (residues 135-178), but not the N-terminal
domain (residues 1-81) of caveolin-1, induce a G,/G; block. (E and F) NIH 3T3 cells were left untreated (CTL) or treated for 16 h with 10
nM staurosporine to induce a G, block. Also, cells were grown for 24 h with 0% serum to induce a G, block. (E) Western blot analysis. Cells
were then subjected to Western blotting analysis with the use of a caveolin-1-specific mAb probe (a representative immunoblot is shown; each
lane contains equal amount of total proteins). (F) Cell cycle analysis. Each point was performed in triplicate. A representative cell cycle
analysis is shown. Note that caveolin-1 protein expression is up-regulated only in G, arrested-cells, but not in G;-arrested cells. In A, D, and
F, an asterisk (*) indicates significant differences in the cell cycle distribution.
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sponsive element by four- to fivefold. Conversely, the dom-
inant negative form of p53 was unable to induce activation
of the p53 responsive element. Importantly, wild-type p53
did not activate the luciferase reporter vector pTA, which
lacks of the p53 responsive element (Figure 3A).

We next transiently transfected the luciferase vector pTA-
P53RE with caveolin-1 or pCAGGS, the vector used to drive
the expression of caveolin-1. Figure 3B shows that caveolin-1
expression activates the p53 responsive element by approxi-
mately two- to threefold. Interestingly, when cells are grown in
0.5% serum, the ability of caveolin-1 to activate the p53 respon-
sive element was increased, resulting in approximately fivefold
activation. These results indicate that caveolin-1 expression
mediates activation of the p53 responsive element.

To verify that the ability of caveolin-1 to activate the p53
responsible element is mediated by p53, we transiently trans-
fected caveolin-1 with wild-type p53 or the p53 dominant
negative mutant and assessed the activation of the p53 respon-
sive element by using the luciferase reporter vector pTA-
P53RE. Figure 3C shows that when caveolin-1 is coexpressed
with the p53 dominant negative mutant, its ability to activate
the p53 responsive element is blocked, suggesting that expres-
sion of a functional wild-type p53 is required for caveolin-1 to
achieve activation of the p53 responsive element. Also, wild-
type p53 alone or in combination with caveolin-1 induced a
very similar activation of its own responsive element. These
results provide strong evidence that activation of the p53 re-
sponsive element by caveolin-1 is mediated by wild-type p53.

To examine a possible role for serum cholesterol in the
caveolin-1-mediated activation of p53, we next compared the
activity of caveolin-1 in the presence of normal control serum
and lipoprotein-deficient serum. NIH 3T3 cells were tran-
siently transfected with the luciferase reporter plasmid pTA-
P53RE and the vector containing caveolin-1 cDNA. After 24 h,
media were removed and cells were washed with PBS. Fresh
media containing either 10% normal fetal bovine serum (“com-
plete serum”) or 10% LPDS was then added to the cells. Lu-
ciferase activity was determined the following day. Figure 3D
shows that similar results were obtained with complete and
LPDS serum, indicating that the effect of caveolin-1 on the p53
reporter is independent of the cholesterol content of the serum.

To examine whether p53 is required to mediate the effects of
caveolin-1, we next used a well-established p53 negative cell
line, termed Saos-2 cells (Chen ef al., 1990; Diller et al., 1990;
Chandar et al., 1992). Briefly, Saos-2 cells were transiently
transfected with the luciferase reporter plasmid pTA-p53RE in
combination with different vectors and luciferase activity was
determined. Figure 3E shows that only transfection with the
P53 cDNA or p53 plus the caveolin-1 cDNA dramatically ac-
tivated the p53 responsive element. Importantly, the caveolin-1
cDNA alone and the empty vector used to express caveolin-1
(pCAGGS) had no effect. In addition, the combination of caveo-
lin-1 plus p53 resulted in a synergistic effect on the activation of
the p53 responsive element (i.e., caveolin-1 plus p53 activated
pTA-p53RE more than the sum resulting from caveolin-1 alone
or p53 alone).

P53 also appears to be required for caveolin-1-mediated cell
cycle arrest. Saos-2 cells were transiently transfected with GFP
alone (C1-GFP) or the caveolin-1-GFP fusion protein (Cav-1
WT-GFP). After 48 h, cells were subjected to FACS analysis and
separated into GFP-negative and GFP-positive populations (in
EXPERIMENTAL PROCEDURES). Figure 3F shows that over-
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expression of the Cav-1-GFP fusion protein fails to causes
G,/G; arrest in these p53 negative cells. In contrast, transfec-
tion with p53 induces cell cycle arrest, as expected (Diller ef al.,
1990). Transfection with p53 is an important positive control
for these studies.

Expression of Caveolin-1 in Mice as a Transgene

Our results with NIH 3T3 cells indicate that caveolin-1 ex-
pression induces cell cycle arrest. However, NIH 3T3 cells
are immortalized. Thus, we next decided to examine the
potential role of caveolin-1 as a cell cycle regulator with the
use of primary cultures of mouse embryo fibroblasts. For
this purpose, we generated transgenic mice that recombi-
nantly express caveolin-1.

To achieve broad expression of caveolin-1 in mice as a trans-
gene, the cDNA for caveolin-1 was inserted into a vector
(pCAGGS) driven by the CMV enhancer and the chicken B-ac-
tin promoter, followed by the rabbit B-globin polyadenylation
signal (Figure 4A; Niwa et al., 1991). Positive mice harboring
the caveolin-1 transgene were identified by slot blot analysis of
their genomic DNA, with the use of the rabbit B-globin se-
quence as a probe. To confirm expression of the caveolin-1
protein, their organs were harvested and subjected to Western
blot analysis with the use of a caveolin-1-specific mAb probe.

Figure 4B shows that high levels of caveolin-1 transgene
expression were observed in fat, kidney, liver, and brain. Over-
expression of caveolin-1 in caveolin-1 transgenic mice was also
observed in lung, spleen, skeletal muscle, and heart (our un-
published results). In contrast, normal control mice lacking the
caveolin-1 transgene showed high levels of caveolin-1 in fat
only, consistent with the known tissue distribution of caveo-
lin-1 mRNA and protein.

Generating Mouse Embryonic Fibroblasts That
Transgenically Express Caveolin-1

To derive mouse embryonic fibroblasts overexpressing
caveolin-1, a caveolin-1 transgenic male mouse was crossed
with a C57Bl/6 female mouse. After 13.5 d, the pregnant
female was sacrificed and MEFs were derived (in EXPERI-
MENTAL PROCEDURES).

Figure 5A shows that we successfully derived four indepen-
dent mouse embryonic fibroblast primary cell lines overex-
pressing caveolin-1 (1, 3, 5, and 6), and four independent MEF
primary cell lines expressing normal levels of caveolin-1 (2,4, 7,
and 8). A longer exposure is included to show that MEFs
lacking the caveolin-1 transgene express endogenous caveo-
lin-1. Note also that expression levels of endogenous caveolin-2
are not affected by the overexpression of caveolin-1 (Figure
5A).

MEFs That Transgenically Express Caveolin-1 Show
Phenotypic Changes in Cell Cycle Regulation and
Cellular Proliferation

Our results indicate that transient overexpression of caveo-
lin-1 in NIH 3T3 cells is responsible for arrest in the G, phase
of the cell cycle. However, MEFs represent a better in vivo
model to study the role of caveolin-1 in cell cycle regulation.
Based on our studies with NIH 3T3 cells, we would predict
that MEFs derived from caveolin-1 transgenic embryos
would show an increased G,/G; population. Figure 5B
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Figure 3. Caveolin-1induces G,/G; arrest
through a p53-dependent mechanism.
(A-D) NIH 3T3 cells. (A) p53 WT and a
dominant negative mutant of p53 (p53
MUT) were transiently cotransfected with
the luciferase reporter plasmid (pTA-p53RE)
in NIH 3T3 cells and luciferase activity was
determined. Note that only expression of
p53 WT activates the p53 responsive element
by approximately four- to fivefold; in con-
trast, p53 MUT and the empty vector
PCAGGS have no effect. Also, note that p53
WT has no effect on the luciferase reporter
plasmid pTA, which lacks of the p53 respon-
sive element. (B) NIH 3T3 cells were tran-
siently transfected with caveolin-1 and the
luciferase reporter plasmid (pTA-p53RE)
and luciferase activity was determined. Note
that only the expression of caveolin-1, but
not the empty vector used to express caveo-
lin-1 (pCAGGS), activates the p53 respon-
sive element by approximately two- to three-
fold. This effect was augmented by the use of
low serum treatment (0.5%). Importantly,
caveolin-1 has no effect on the luciferase re-
porter plasmid pTA, which lacks of the p53
responsive element. (C) NIH 3T3 cells were
transiently transfected with p53 (WT or
MUT), caveolin-1 or the empty vector
PCAGGS, in the presence of the luciferase
reporter plasmid pTA-p53RE. Also, NIH
3T3 cells were transiently transfected with
caveolin-1 and the empty vector pCAGGS,
in the presence of the luciferase reporter
plasmid pTA-p53RE. The luciferase activity
was then determined. Note that the activa-
tion of the p53 responsive element by caveo-
lin-1 is blunted when caveolin-1 is coex-
pressed with p53 MUT. (D) NIH 3T3 cells
were transiently transfected with the lucif-
erase reporter plasmid (pTA-p53RE) and the
vector containing caveolin-1 cDNA. After
24 h, the media was removed and cells were
washed with PBS. Fresh media containing
either 10% normal fetal bovine serum (“com-
plete serum”) or 10% LPDS was then added
to the cells. Luciferase activity was deter-
mined the after day. Note that similar results
were obtained with complete serum and
LPDS, indicating that the effect of caveolin-1
on the p53 reporter is independent of the
cholesterol content of the serum. (E and F)
Saos-2 cells, a p53 negative cell line. (E)
Saos-2 cells were transiently transfected with
the luciferase reporter plasmid (pTA-p53RE)
in combination with different vectors and
luciferase activity was determined. Note that
only transfection with the p53 cDNA or p53
plus the caveolin-1 cDNA dramatically acti-
vated the p53 responsive element. In con-
trast, the caveolin-1 cDNA alone or the
empty vector used to express caveolin-1

(pCAGGS) had no effect. In addition, the combination of caveolin-1 plus p53 resulted in a synergistic effect on the activation of the p53 responsive element
(e, caveolin-1 plus p53 activated pTA-pS3RE more than the sum resulting from caveolin-1 alone or p53 alone). (F) Saos-2 cells were transiently transfected
with GFP alone (C1-GFP) or caveolin-1-GFP fusion protein (Cav-1 WT-GEFP). After 48 h, cells were subjected to FACS analysis and separated into
GFP-negative and GFP-positive populations (in EXPERIMENTAL PROCEDURES). The cell cycle analysis shown represents the average from several
independent experiments. Note that overexpression of the Cav-1-GFP fusion protein fails to causes G,/G; arrest in these p53 negative cells. In contrast,
transfection with p53 induces cell cycle arrest, as expected. Transfection with p53 served as an important positive control for these studies.
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Figure 4. Expression of caveolin-1 in mice as a transgene. (A) The
caveolin-1 transgenic expression cassette. The full-length untagged
cDNA encoding murine caveolin-1 was subcloned into the expres-
sion vector pPCAGGS. Note that in the pCAGGS-Cav-1 construct, the
CMV enhancer, and the B-actin promoter sequence are located
upstream of the caveolin-1 ¢cDNA, whereas the rabbit -globin
poly(A) sequence is located downstream. The CMV enhancer/ -
actin promoter sequences are expected to drive constitutive expres-
sion of caveolin-1 in a wide variety of tissue types. (B) Tissue
distribution of caveolin-1 transgene expression. The expression of
caveolin-1 in normal control mice (CTL) and caveolin-1 transgenic
mice (Cav-1) is shown. Protein lysates were prepared from a variety
of mouse tissues. Immunoblotting was performed with a monospe-
cific antibody probe that recognizes only caveolin-1 (mAb 2297).
Note that the expression of caveolin-1, in caveolin-1 transgenic mice,
is significantly higher compared with the endogenous expression in
normal control mice in all tissues examined.

shows that MEFs derived from caveolin-1 transgenic em-
bryos have a significant reduction in the S phase population
and a corresponding increase in the G,/G, population, com-
pared with MEFs derived from normal control littermate
embryos. Interestingly, we also observed a minor increase in
the G,/M population that we did not observe in our tran-
sient transfection experiments with NIH 3T3 cells. This dif-
ference may be explained by the different nature of the two
models we used, primary cultures (MEF) versus an immor-
talized cell line (NIH 3T3).

Cells that are arrested in the G,/G; and G,/M phases of the
cell cycle should be characterized by a reduction in cellular
proliferation. To test this hypothesis, primary MEF cultures
were plated in 10-cm dishes at a density of 40,000 cells/dish
and the cell numbers were counted after 1, 2, 3, 4, and 5 d of
incubation at 37°C. MEFs derived from caveolin-1 transgenic
mouse embryos (MEFs 1 and 3) showed significant growth
inhibition compared with MEFs derived from normal control
littermate embryos (MEFs 2 and 4). Figure 5C shows that after

Vol. 12, August 2001

Caveolin-1 and the Cell Cycle

5 d in complete medium, Cav-1 transgenic MEFs demonstrate
an approximate three- to fourfold reduction in total cell num-
ber, consistent with the cell cycle analysis data (Figure 5B).

To independently assess whether caveolin-1 expression in-
duces a reduction in the S phase population in vivo, we used
BrdU incorporation to determine the population of cells in S
phase (Figure 5D). Note that Cav-1 transgenic MEFs (1 and 3)
show a significant degree of S phase suppression compared
with MEFs (2 and 4) derived from normal control littermate
embryos. Taken together, these results clearly indicate that
transgenic expression of caveolin-1 in mouse embryonic fibro-
blasts is responsible for initiating growth arrest.

Caveolin-1 Transgenic MEFs Undergo Cell Cycle
Arrest through Activation of a p53-dependent
Pathway

Our previous results (this report) indicate that transient
expression of caveolin-1 in NIH 3T3 cells induces activa-
tion of a p53 responsive element (Figure 3B). Thus, we
decided to independently assess whether the cell cycle
arrest induced by caveolin-1 in mouse embryonic fibro-
blasts is due to p53 activation. We transiently transfected
mouse embryonic fibroblasts with the p53 responsive el-
ement reporter, pTA-p53RE. Figure 6A shows that the p53
responsive element is activated by approximately twofold
in Cav-1 transgenic MEFs (1 and 3) compared with normal
control MEFs (2 and 4).

p53 activation is known to result in the induction of p21WAFY/
cip1. Thus, we next assessed p21 protein expression in these
primary MEF cultures. Figure 6B indicates that p21 protein
expression is significantly increased in Cav-1 transgenic MEFs
(1 and 3). Thus, transgenic expression of caveolin-1 in MEFs
induces activation of p53 and overexpression of p21WAF1/Cip1,
Taken together, these results clearly indicate that transgenic
expression of caveolin-1 in mouse embryonic fibroblasts in-
duces cell cycle arrest through activation of the p53/p21 path-
way (Figure 6C).

Transgenic Expression of Caveolin-1 Does Not
Induce Apoptosis, but Caveolin-1 Sensitizes MEFs
to Apoptotic Stimulation

Our current results indicate that caveolin-1 expression is
directly involved in mediating cell cycle arrest. To rule out
the possibility that caveolin-1 induces apoptosis, rather than
cell cycle arrest, we assessed caspase-3 activity in primary
cultures of Cav-1 transgenic MEFs and MEFs derived from
their normal control littermates.

Caspase-3 is a key element in the signal cascade leading to
programmed cell death. Activation of caspase-3 is positively
associated with apoptosis. Figure 6D shows that transgenic
expression of caveolin-1 did not increase basal caspase-3 activ-
ity. In contrast, when apoptosis was induced by treatment with
0.3 uM staurosporine for 6 h, caspase-3 activity was signifi-
cantly increased in Cav-1 transgenic MEFs compared with
MEFs derived from their normal control littermates (Figure
6D). These results indicate that expression of caveolin-1 by
itself is not sufficient to induce apoptosis, but rather caveolin-1
expression sensitizes MEFs to staurosporine-induced apopto-
sis. This is consistent with the idea that caveolin-1 expression
mediates cell cycle arrest.
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Figure 5. Primary cultures of MEFs that transgenically express caveolin-1 show phenotypic changes in cell cycle regulation and cellular
proliferation. (A) Immunoblot analysis. Eight independent primary cultures of MEFs were derived from littermate embryos and analyzed by
Western blotting with the use of a monospecific antibody probe that recognizes only caveolin-1 (mAb 2297), and a monospecific antibody probe
that recognizes only caveolin-2 (mAb 65). Note that four independent MEFs transgenically express caveolin-1; a longer exposure is also shown to
illustrate the presence of endogenous caveolin-1. Arrows point at two Cav-1 transgenic MEF cultures (1 and 3) and normal control MEF cultures
(2 and 4) that were subjected to further characterization. (B) Cell cycle analysis. The cell cycle distribution of Cav-1 transgenic MEFs is shown,
compared with normal control MEFs. Note that transgenic expression of caveolin-1 in primary MEFs leads to arrest in the G,/G; phase of the cell
cycle. (C) Cellular proliferation. Cells were initially plated in 10-cm dishes at a density of 40,000 cells/dish at day 0 and then cell numbers were
counted after 1, 2, 3, 4, and 5 d of incubation at 37°C. Each point represents the average of four independent measurements. Note that MEFs that
transgenically express caveolin-1 show a significantly reduction in cellular proliferation, compared with normal control MEFs. (D) BrdU
incorporation. Cells were plated in 96-well plates at a density of 10,000 cells/well at day 0. Each MEF primary cell line was seeded in quadruplicate.
After 2 d, BrdU incorporation was carried out. Note transgenic expression of caveolin-1 results in reduced DNA replication.
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Figure 6. Caveolin-1 transgenic MEFs undergo cell cycle arrest through activation of a p53-dependent pathway. (A) p53 activity. MEFs
derived from caveolin-1 transgenic mice and from normal control mice were transiently transfected with the luciferase reporter plasmid
(pTA-p53RE), and the luciferase activity was determined. Note that the p53 responsive element is activated in Cav-1 transgenic MEFs. (B)
p21WAF1/Cipl expression. MEFs derived from caveolin-1 transgenic mice (MEF 1 and MEF 3) and from normal control mice (MEF 2 and MEF
4) were subjected to Western blot analysis with the use of a monospecific antibody probe that recognizes p21. Note that p21 protein
expression is up-regulated in Cav-1 transgenic MEFs. Two exposures are shown to better illustrate the degree of p21 up-regulation and the
presence of p21 expression in normal control MEFs. Western blotting with the use of a monospecific antibody probe that recognizes B-actin
was used to verify equal protein loading. (C) Schematic representation of the activation of the p53/p21-pathway by caveolin-1. Caveolin-1
induces G; arrest/senescence through activation of the p53 tumor suppressor protein. Activation of p53 results in up-regulation of p21
protein expression leading to inactivation of the kinase activity of CycD/cdk4/6 and CycA, E/cdk2 and cell cycle arrest in the G, phase. (D)
Caspase-3 activation. Caspase-3-like activity was measured in MEFs derived from caveolin-1 transgenic mice (MEF 1 and MEF 3) and MEFs
derived from normal control mice (MEF 2 and MEF 4). Note that caveolin-1 expression in MEFs does not affect basal caspase-3 activity, but
significantly sensitizes cells toward staurosporine-induced caspase-3 activation.
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The inability of caveolin-1 expression by itself to induce
apoptosis was also noted during FACS analysis of the cell
cycle. In all the FACS analysis experiments we performed, we
did not identify any increases in an apoptotic subpopulation
(our unpublished results).

Caveolin-3 Expression also Induces Cell Cycle
Arrest in the G,/G, Phase

To explore whether other members of the caveolin gene
family can mediate cell cycle arrest in the G,/G, phase, we
decided to study the effect of caveolin-3 expression via cell
cycle analysis. Of the three known caveolin gene family
members, caveolins 1 and 3 show the closest homology.
However, the expression of caveolin-3 is muscle-specific.

Cultured C2C12 cells can be induced to differentiate from
myoblasts into myotubes bearing an embryonic phenotype in
low mitogen medium over a period of 2 d. We have previously
shown that both mRNA and protein levels of caveolin-3 are
dramatically induced during the course of differentiation of
C2C12 cells from myoblasts to myotubes (Song et al., 1996;
Tang et al., 1996). Figure 7 shows that caveolin-3 expression is
induced in differentiated C2C12 cells (Figure 7A) and that
C2C12 cells undergo arrest in the G,/G, phase of the cell cycle
after differentiation (Figure 7B). These results indicate that
caveolin-3 expression is associated with a block in the G,/G,
phase of the cell cycle in C2C12 cells.

Next, we evaluated the effects of transient caveolin-3 expres-
sion on cell cycle progression. NIH 3T3 cells were transiently
transfected with a GFP-tagged form of caveolin-3 (Galbiati et
al., 1999) and subjected to cell cycle analysis. In these experi-
ments, we analyzed the cell cycle characteristics of GFP-posi-
tive as well as GFP-negative cells from the same plate by gating
the medium intensity green fluorescence signal. Figure 7C
indicates that recombinant expression of caveolin-3 in NIH 3T3
cells induces a G,/G; block. These results suggest that both
caveolins 1 and 3 can induce cell cycle arrest in the G,/G,
phase of the cell cycle.

DISCUSSION

In recent years, several independent lines of evidence have
emerged that suggest that caveolin-1 functions as a tumor
suppressor protein in mammalian cells. In fact, modification
and/or inactivation of caveolin-1 expression appears to be a
common feature of the transformed phenotype. Caveolin-1
expression, for example, is absent in several transformed cell
lines derived from human mammary carcinomas, including
MT-1, MCF-7, ZR-75-1, T47D, MDA-MB-361, and MDA-
MB-474 (Sager et al., 1994). Recently, we have shown that
antisense-mediated down-regulation of caveolin-1 is suffi-
cient to induce cell transformation in NIH 3T3 cells (Galbiati
et al., 1998). NIH 3T3 cells harboring antisense caveolin-1
spontaneously formed foci, exhibited anchorage-indepen-
dent growth in soft agar, formed tumors in immunodeficient
mice, and appeared morphologically transformed as seen by
scanning electron microscopy (Galbiati ef al., 1998). Cell
transformation is usually characterized by loss of contact
inhibition and cell cycle control. Interestingly, we have re-
cently shown that caveolin-1 protein expression is up-regu-
lated when NIH 3T3 cells reach confluence (Galbiati ef al.,
1998), suggesting a possible role for caveolin-1 in mediating
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Figure 7. Caveolin-3 expression also induces arrest in the G,/G;
phase of the cell cycle. (A and B) Endogenous expression in C2C12
cells. Undifferentiated C2C12 cells (C2C12 ND) or C2C12 cells differ-
entiated for 48 h with 3% horse serum (C2C12 Diff) were subjected to
SDS-PAGE and Western blot analysis with the use of a caveolin-3-
specific mAb probe (a representative immunoblot is shown; each lane
contains an equal amount of total protein) (A) and cell cycle analysis (in
EXPERIMENTAL PROCEDURES) (B) The cell cycle analysis shown
represents the average from three independent experiments (C2C12
ND: G,/G, =49 = 5,5 =41 = 4, G,/M = 10 £ 1.5; C2C12 Diff:
Gy/Gy =79 +5,5=19 = 2,G,/M = 2 = 1). Note that the expression
of endogenous caveolin-3 in differentiated C2C12 cells is associated
with arrest in the G,/G; phase of the cell cycle. (C) Transient expres-
sion in NIH 3T3 cells. NIH 3T3 cells were transiently transfected with
a GFP-tagged caveolin-3 expression vector and subjected to cell cycle
analysis (in EXPERIMENTAL PROCEDURES). The cell cycle analysis
shown represents the averages of three independent experiments
(Cav-3GFP-:G,/G;=53 *5,S=36 £ 4,G,/M =11 * 1; Cav-3 GFP+:
Gy/G;=72 £ 6,S =16 = 2, G,/M = 12 = 2). Note that transient
expression of caveolin-3 leads to arrest in the G,/G, phase of the cell
cycle. In B and C, an asterisk () indicates significant differences in the
cell cycle distribution.

Molecular Biology of the Cell



contact inhibition. However, the role of caveolin-1 in the
regulation of cell cycle progression remains unknown.

Here, we test this hypothesis directly by using two different,
but complementary, approaches: 1) transient expression of
caveolin-1 in NIH 3T3 cells, and 2) recombinant expression of
caveolin-1 as a transgene in mice and characterization of the
phenotype of MEFs derived from these mice.

Transient expression of caveolin-1 in NIH 3T3 cells resulted
in the cell cycle arrest in the G,/G, phase. Caveolin-1-express-
ing cells showed a significant reduction in the S phase popu-
lation as well. We also showed that antisense-mediated down-
regulation of caveolin-1 in NIH 3T3 cells is associated with a
reduced G,/G, population and increased S phase population.
These results indicate that caveolin-1 expression may have a
direct role in the regulation of cell cycle progression.

In support of this hypothesis, we demonstrate that when
cells are grown without serum, to induce cell cycle arrest,
caveolin-1 expression is up-regulated. Conversely, when se-
rum-deprived cells are forced to enter the cell cycle by addition
of serum, caveolin-1 expression is significantly down-regu-
lated. These data are consistent with the previous observations
that both the number of caveolae organelles and caveolin-1
protein expression are highest expressed in terminally differ-
entiated cells (adipocytes, endothelial cells, and muscle cells
[Simionescu and Simionsecu, 1983; Scherer ef al., 1994; Scherer
et al., 1996]), which are in the G, phase of the cell cycle. Inter-
estingly, when we selectively induce G, arrest by treating NIH
3T3 cells with low doses (10 nM) of staurosporine, we did not
observed variation in caveolin-1 expression. In contrast, G,
arrest induced by serum deprivation resulted in up-regulation
of caveolin-1. Taken together, these results indicate that caveo-
lin-1 protein expression is responsible for a selective G, arrest
of the cell cycle.

Caveolin-1 is most closely related to caveolin-3 based on
protein sequence homology: caveolin-1 and caveolin-3 are
~65% identical and ~85% similar. Thus, we would predict that
caveolin-3 may have similar properties in inhibiting cell cycle
progression. In fact, we demonstrate that caveolin-3 overex-
pression in NIH 3T3 cells induces a G,/G; block of the cell
cycle. Also, we show that caveolin-3 expression is induced
during the differentiation of C2C12 cells from myoblasts to
myotubes, and that differentiated C2C12 cells are arrested in
the G,/G;, phase of the cell cycle. As myoblasts have to enter
the G, phase of the cell cycle to differentiate, these data support
the idea that caveolin-3 expression is responsible for a selective
arrest in the G, phase of the cell cycle.

Recently, we examined the functional role of caveolin-1 in
regulating signaling along the mitogen-activated protein ki-
nase cascade, a major pathway involved in cell proliferation
(Engelman et al., 1998a,b). We have demonstrated that the
caveolin scaffolding domain of caveolin-1 (residues 82-101)
inhibited the in vitro kinase activity of purified MEK-1 and
ERK-2. In this report, we also demonstrated that the caveolin
scaffolding domain, but not the N-terminal domain of caveo-
lin-1 (residues 1-81), is responsible for cell cycle arrest. Inter-
estingly, we observed that the C-terminal domain of caveolin-1
(residues 135-178) and the caveolin scaffolding domain were
similarly effective in promoting cell cycle arrest. We conclude
that both the caveolin scaffolding domain and the C-terminal
domain are critical regions of caveolin-1 involved in the arrest
in the G,/G, phase of the cell cycle. This result was not sur-
prising because we and others have previously shown that the
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caveolin scaffolding domain and the C-terminal domain of
caveolin-1 were similarly effective in binding and inhibiting
catalytic activity of a number of known signaling molecules (Ju
et al., 1997; Engelman et al., 1998a,b; Razani et al., 1999).

Primary cultures of MEFs are an important tool for studying
the function of a given protein in a nonimmortalized setting. To
further study the role of caveolin-1 in cell cycle regulation, we
next created transgenic mice that recombinantly express caveo-
lin-1 and derived primary MEF cultures from these mice. We
showed that transgenic expression of caveolin-1 in these MEFs
induced arrest in the G,/G; phase of the cell cycle and a
corresponding reduction in the S phase population. Similarly,
the cellular proliferation of Cav-1 transgenic MEFs was dra-
matically reduced. Taken together, these results indicate that
transgenic expression of caveolin-1 in vivo is sufficient to in-
hibit cell proliferation via cell cycle arrest in the G,/G, phase of
the cell cycle. We speculate that the down-regulation of caveo-
lin-1 protein expression observed during cell transformation is,
at least in part, responsible for the abnormal growth character-
istics of oncogenically transformed cells.

How does caveolin-1 expression induce cell cycle arrest? The
P53 tumor suppressor protein is a major intracellular regulator
involved in modulating cell cycle progression. Our results in-
dicate that p53 activity is increased approximately two- to
threefold when caveolin-1 is transiently expressed in NIH 3T3
cells. A G-to-A conversion at nucleotide 1017 in the p53 protein
generates a dominant negative mutant, that if coexpressed
with wild-type p53, forms a mixed tetramer that is unable to
interact with p53 binding sites, leading to inhibition of the
downstream effects of p53.

Interestingly, when caveolin-1 is transiently coexpressed
with this dominant negative mutant of p53 (p53MUT), caveo-
lin-1's ability to stimulate p53 activity is blocked. These results
indicate that caveolin-1 activation of the p53 responsive ele-
ment is selectively mediated by wild-type p53. Importantly,
Cav-1 transgenic MEFs showed a similar twofold increase in
P53 activity compared with MEFs derived from normal litter-
mate control mice.

p53-mediated arrest in the G,/G; phase of the cell cycle is
mediated by the induction of p21WAF1/CiPl expression. As we
have shown here that Cav-1 transgenic MEFs have increased
P53 activity, we also examined the level of p21 expression in
these cells. As predicted, we demonstrated that p21 protein
expression is up-regulated in Cav-1 transgenic MEFs. Taken
together, these results clearly indicate that transgenic expres-
sion of caveolin-1 in MEFs results in cell cycle arrest via the
p53/p21-pathway (see Figure 6C for a schematic representa-
tion of this pathway).

The tumor suppressor protein p53 has also been implicated
in mediating programmed cell death (apoptosis) through ei-
ther sequence-specific transactivation-dependent or -indepen-
dent pathways (Amundson ef al., 1998; Sionov and Haupt,
1998; Bates and Vousden, 1999). To determine the specific role
of p53 in mediating cell cycle arrest rather than apoptosis, it is
essential to demonstrate that apoptotic pathways are not acti-
vated and that cells do not undergo apoptosis. Indeed, we
demonstrated that caveolin-1-mediated activation of the p53/
p21-pathway does not result in apoptosis. In fact, we showed
that transgenic expression of caveolin-1 in MEFs does not
increase the basal activity of caspase-3, a critical step in medi-
ating programmed cell death. Also, when we subjected mouse
embryonic fibroblasts to FACS analysis of the cell cycle, we did
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not observe any apoptotic subpopulations. We conclude that
caveolin-1 expression is sufficient to activate the p53 pathway
and induce cell cycle arrest, but that caveolin-1 expression by
itself is not sufficient to induce apoptosis.

Interestingly, when we treated primary MEF cultures with
an apoptotic stimulus (staurosporine), we found that trans-
genic expression of caveolin-1 sensitized these cells to apopto-
sis, indicating that an apoptotic stimulus is still necessary to
mediate cell death. These results are consistent with previous
data showing that expression of caveolin-1 is sufficient to sen-
sitize Ratla fibroblasts to ceramide-induced cell death (Zundel
et al., 2000).

Because transgenic expression of caveolin-1 in MEFs in-
duced cell cycle arrest, we speculate that caveolin-1 transgenic
mice may be protected against tumor development. However,
additional experiments, i.e., tumor induction, are necessary to
directly test this hypothesis.

Recently, we have demonstrated that p53 is a positive
regulator of caveolin-1 gene transcription and protein
expression (Razani et al., 2000a). p53-mediated induction
of caveolin-1 gene expression is intriguing, because this
would indicate that caveolin-1 is a previously unrecog-
nized p53-regulated gene in cancers. Because the ob-
served induction was on the order of 6-12 h, caveolin-1 is
likely to be an immediate target. Interestingly, MEF cul-
tures derived from p53-deficient mice also display a dis-
tinct lack of caveolin-1 expression (Lee ef al., 1998). Fur-
thermore, p53 has also been directly implicated in the
up-regulation of caveolin-1 during free cholesterol-medi-
ated cellular growth (Bist et al., 2000). However, it is also
possible that p53 could additionally act on its many bona
fide target genes (e.g., p21, mdm-2, GADD45, cyclin G,
etc.) (Ko and Prives, 1996), activating signaling cascades,
thereby indirectly leading to caveolin-1 induction. We
conclude that p53 positively regulates caveolin-1 gene
expression (Razani et al., 2000a) and that caveolin-1 ex-
pression can increase the activity of p53 (this report).
Thus, caveolin-1 and p53 may act synergistically.

Hayashi and colleagues have recently identified a com-
mon sporadic mutation in caveolin-1 in human breast can-
cers (Hayashi et al., 2001). Interestingly, this mutation is
analogous to one of the inherited mutations previously iden-
tified in human caveolin-3 (P104L) in limb-girdle muscular
dystrophy (LGMD-1C) patients (Galbiati et al., 2001). More
specifically, the same invariant proline residue in caveolin-1
is mutated to leucine (P132L). Recombinant expression of
the caveolin-1 cDNA containing this mutation is sufficient to
induce oncogenic transformation in NIH 3T3 cells and to
hyperactivate the p42/44 MAP kinase cascade (Hayashi et
al., 2001). Similarly, ablation of caveolin-1 expression in NIH
3T3 cells using an anti-sense approach induced oncogenic
transformation, activates the p42/44 MAP kinase pathways,
and confers tumorigenicity in nude mice (Galbiati et al.,
1998). As the caveolin-1 (P132L) mutant mimics the caveo-
lin-1 anti-sense phenotype, these results suggest that caveo-
lin-1 (P-132L) behaves in a dominant-negative fashion, as
has been previously documented for caveolin-3 (P104L)
(Galbiati et al., 1999). Thus, it is likely that dominant negative
mutations in the 12 invariant caveolin-1 residues will be
identified in other forms of human cancer.
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Note added in proof. We have now shown that MEFs derived from
Cav-1 knock-out mice (CAV-1 —/—) proliferate ~2- to 3-fold faster
than their wild-type counterparts (Razani, B., Engelman, J.A., Wang,
X.B., Schubert, W., Zhang, X.L., Marks, C.B., Macaluso, F., Russell,
R.G., Li, M,, Pestell, R.G., Di Vizio, D., Hou, H., Knietz, B., Lagaud,
G., Christ, G.J., Edelmann, W., and Lisanti, M.P. (2001). Caveolin-1
null mice are viable, but show evidence of hyper-proliferative and
vascular abnormalities. J. Biol. Chem., In press.). Thus, loss of caveo-
lin-1 expression clearly augments cell proliferation. These data di-
rectly support our current observations and are consistent with the
idea that caveolin-1 may function as a tumor suppressor gene.
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